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Description
BACKGROUND OF THE INVENTION

[0001] The presentinventionis directed to metal hard-
ening processes and, more particularly, to a method of
hardening a beta titanium member.

[0002] In recent years, products made of titanium or
of titanium alloy, both of which are lightweight and hard,
have become widely used. However, titanium and tita-
nium alloy are active metals and have low wear resist-
ance. Also, surface processing of either material is ex-
tremely difficult.

[0003] To overcome such problems, methods have
been employed to increase the surface hardness of
members formed from such metals. Such methods in-
clude forming an outer hardened layer via surface plat-
ing or hardening the product surface itself via nitriding
or carburizing. However, plating processes encounter
the problems of poor adhesion between the plating layer
and the titanium surface and damage to the appearance
of the titanium, and surface hardening via nitriding or
carburizing encounter the problems of coarsening of the
product surface and extended processing times.
[0004] Japanese published patent application nos.
2003-73796, 2002-97914 and 2001-81544 disclose fur-
ther surface hardening methods that employ oxygen dif-
fusion to increase the wear resistance of titanium prod-
ucts. For example, JP 2003-73796 discloses a surface
hardening method wherein a titanium member is heated
while buried in a highly oxygen-absorbent powder. The
powder reduces the oxygen concentration of the atmos-
phere surrounding the titanium member by physically
preventing the titanium surface from coming into contact
with oxygen. As a result, a TiO oxygen diffusion layer is
formed in the surface of the titanium member while min-
imizing the formation of an oxidized outer surface layer.
[0005] Although the surface hardness can be in-
creased using such methods, because the titanium
member must be buried in oxygen-absorbing powder
each time processing is carried out, the process is rel-
atively inefficient and costly. Furthermore, because the
titanium member is buried in the oxygen-absorbing pow-
der, the desired cooling rate cannot be obtained follow-
ing the heat processing, so an appropriate aging treat-
ment cannot be performed.

SUMMARY OF THE INVENTION

[0006] The present invention is directed to various
features of a method of hardening a beta titanium mem-
ber. In one embodiment, a method of hardening the sur-
face of a beta titanium member comprises the step of
heating the beta titanium member in a gas mixture con-
sisting essentially of an inert gas and oxygen. Additional
inventive features will become apparent from the de-
scription below, and such features alone or in combina-
tion with the above features may form the basis of further
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inventions as recited in the claims and their equivalents.
BRIEF DESCRIPTION OF THE DRAWINGS
[0007]

Fig. 1 shows the basic construction of a particular
embodiment of an apparatus for surface hardening
a beta titanium member;

Figs. 2A and 2B are graphs of surface hardness for
various heat treating methods;

Fig. 3 is a bar graph of the results of friction testing
beta titanium members when subjected to the meth-
ods shown in figs. 2A and 2B; and

Fig. 4 is a cross sectional diagram of a surface hard-
ened beta titanium member formed according to the
methods taught herein.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0008] Fig. 1 shows the basic construction of a partic-
ular embodiment of a beta titanium surface hardening
apparatus 10 in the form of a titanium melting furnace
for surface hardening a beta titanium member 11. In
general, beta titanium member 11 is placed in a process-
ing chamber S of beta titanium surface hardening appa-
ratus 10, and then beta titanium member 11 is heated
in an atmosphere comprising a gas mixture comprising
oxygen and an inert gas such as argon gas. As aresult,
heat processing can be carried out in an atmosphere
having a lower oxygen concentration than ordinary at-
mospheric air. In this embodiment, the oxygen concen-
tration ranges from approximately 0.05 vol% to approx-
imately 20 vol% (preferably approximately 1.0 vol% to
approximately 10 vol%), the heating temperature rang-
es from approximately 700°C to approximately 1000°C
(preferably approximately 850°C to approximately
950°C), and the heat processing time ranges from ap-
proximately 10 minutes to approximately 30 minutes
(preferably approximately 15 minutes to approximately
25 minutes).

[0009] After this processing, titanium member 11 un-
dergoes an aging treatment at an ambient temperature
of from approximately 400°C to approximately 550°C
(preferably approximately 850°C to approximately
950°C) for a time of from approximately 6 hours to ap-
proximately 16 hours (preferably approximately 10
hours to approximately 14 hours).

[0010] Figs. 2A and 2B are graphs of surface hard-
ness for various heat treating methods. In Fig. 2A, one
line represents an unprocessed beta titanium member,
another line represents a beta titanium member subject-
ed to an Argon-Oxygen atmosphere of 5 vol% oxygen
at 850°C for 10 minutes, and another line represents a
beta titanium member subjected to an Argon-Oxygen at-
mosphere of 10 vol% oxygen at 850°C for 10 minutes.
In Fig. 2B, one line represents an unprocessed beta ti-
tanium member, another line represents a beta titanium
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member subjected to an Argon-Oxygen atmosphere of
1.7 vol% oxygen at 900°C for 10 minutes, another line
represents a beta titanium member subjected to an Ar-
gon-Oxygen atmosphere of 5 vol% oxygen at 900°C for
10 minutes, and another line represents a beta titanium
member subjected to an Argon-Oxygen atmosphere of
10 vol% oxygen at 900°C for 10 minutes.

[0011] As shown in Fig. 2A, a beta titanium member
that was processed at a temperature of 850°C for 10
minutes in an atmosphere having an oxygen concentra-
tion of 5 vol% exhibited an HV hardness of 570-400
down to a depth of 0.10 mm (100 um) below the surface,
as compared to the more or less fixed HV hardness of
400 for an unprocessed beta titanium member. In par-
ticular, the HV hardness increased to 570-400 from the
surface down to a depth of 0.05 mm (50 um) below the
surface. A beta titanium member that was processed at
a temperature of 850°C for 10 minutes in an atmosphere
having an oxygen concentration of 10 vol% also exhib-
ited an HV hardness of 570-400 down to a depth of 0.10
mm (100 um) below the surface. In particular, the HV
hardness increased to 570-450 from the surface down
to a depth of 0.05 mm (50 um) below the surface.
[0012] As shown in Fig. 2B, a beta titanium member
that was processed at a temperature of 900°C for 10
minutes in an atmosphere having an oxygen concentra-
tion of 1.7 vol% exhibited an HV hardness of 590-420
from the surface down to a depth of 0.10 mm (100 um)
below the surface, as compared to the more or less fixed
HV hardness of 450 for an unprocessed beta titanium
member. In particular, the HV hardness increased to
590-495 from the surface down to a depth of 0.05 mm
(50 um) below the surface. A beta titanium member that
was processed at a temperature of 900°C for 10 minutes
in an atmosphere having an oxygen concentration of 5
vol% exhibited an HV hardness of 580-470 from the sur-
face down to a depth of 0.10 mm (100 um) below the
surface. In particular, the HV hardness increased to
585-515 from the surface down to a depth of 0.05 mm
(50 um) from the surface. A beta titanium member that
was processed at a temperature of 900°C for 10 minutes
in an atmosphere having an oxygen concentration of 10
vol% exhibited an HV hardness of 545-395 down to a
depth of 0.10 mm (100 um) from the surface. In partic-
ular, the HV hardness increased to 545-490 from the
surface down to a depth of 0.05 mm (50 um) below the
surface.

[0013] It should be readily apparent from the graphs
in Figs. 2A and 2B that, with respect to the temperature
parameter, a temperature of 900°C resulted in a greater
increase in hardness over a greater range than a tem-
perature of 850°C. More specifically, when the beta ti-
tanium member was subjected to a processing temper-
ature of 900°C, the HV hardness declined more gradu-
ally beyond a depth of 0.02 mm (20 m) below the surface
than it did when the beta titanium member was subject-
ed to a processing temperature of 800°C. Therefore,
taking into consideration the melting temperature of be-
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ta titanium, it is preferable that processing be carried out
at a temperature in the range of from approximately
850°C to approximately 950°C.

[0014] With respect to the oxygen concentration pa-
rameter, Fig. 2B shows that HV hardness increases to
a greater degree when the oxygen concentration is 1.7
vol% than when it is 5 vol%. The same is true when the
oxygen concentration is 5 vol% than when it is 10 vol%.
Therefore, in order to minimize the formation of an oxi-
dized layer while increasing HV hardness, it is prefera-
ble that processing be carried out within an oxygen con-
centration in a range of from approximately 1 vol% to
approximately 10 vol%.

[0015] Fig. 3 is a bar graph of the results of friction
testing beta titanium members when subjected to the
methods shown in Figs. 2A and 2B. The beta titanium
member that was heated at 850°C for 10 minutes in an
oxygen concentration of 5 vol% is referred to as a first
sample, the beta titanium member that was heated at
900°C for 10 minutes in an oxygen concentration of 10
vol% is referred to as a second sample, a beta titanium
member that was heated at 900°C for 10 minutes in an
oxygen concentration of 5 vol% is referred to as a third
sample, and a beta titanium member that was heated at
900°C for 10 minutes in an oxygen concentration of 1.7
vol% is referred to as a fourth sample.

[0016] As shown in Fig. 3, the average amount of
wear was 0.15 mm for the unprocessed beta titanium
member, 0.138 mm for the first sample, 0.132 mm for
the second sample, 0.110 mm for the third sample, and
0.104 mm for the fourth sample. Clearly, the average
wear amount was lower for the processed beta titanium
members than for the unprocessed beta titanium mem-
ber. The average wear amount for the third and fourth
samples in particular, which were processed at 900°C
for 10 minutes, was approximately 30% lower than the
wear amount for the unprocessed beta titanium mem-
ber. Thus, processing at a temperature in a range of
from approximately 850°C to approximately 900°C re-
sults in wear resistance and surface hardness values
that are higher than the equivalent values for an unproc-
essed beta titanium member.

[0017] From a comparison between the first sample
and the third sample, it may be seen that the average
amount of wear can be reduced when heating is carried
out at 850°C than at 900°C. Accordingly, heating at a
temperature of 850°C may be preferred in some appli-
cations. Moreover, from a comparison of the second
through fourth samples, it may be seen that the average
amount of wear can be reduced by reducing the oxygen
concentration from 10 vol% to 1.7 vol%, so such oxygen
concentration reduction also may be prefererable in
some applications.

[0018] Fig. 4 is a cross sectional diagram of a surface
hardened beta titanium member 11 formed according to
the methods taught herein. In this condition, beta titani-
um member 11 comprises a topmost oxidized layer 11a,
a hardened oxygen diffusion layer 11b having a thick-
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ness of approximately 100 um below oxidized layer 11a,
and an unprocessed layer 11c below hardened layer
11b. Oxidized layer 11a has a thickness of from approx-
imately O um to approximately 5 um. Such a layer is sig-
nificantly thinner than the oxidized layers formed in the
prior art processes that heat the titanium member in at-
mospheric air. Thus, removal of oxidized layer 11a cre-
ated by the teachings herein is very easy.

[0019] In other words, because hardened layer 11b
can be formed to a thickness of at least 70 um (prefer-
ably 100 um) while minimizing the thickness of oxidized
layer 11a, a beta titanium member 11 having increased
surface hardness can be efficiently obtained. When the
same processes as described above are performed in
atmospheric air, a hardened layer may be formed to a
thickness of 300 um with an increased HV hardness of
500, but an oxidized layer having a thickness of 100 um
is formed on top of the hardened layer. An oxidized layer
on the surface of the product is undesirable because it
tarnishes the product's appearance. Since the oxidized
layer is hard and brittle, removal of such a thick layer is
extremely cumbersome and impairs production efficien-
cy.

[0020] The processes described above have particu-
lar benefit when applied to beta titanium members.
When the process was applied to pure titanium and al-
pha-beta titanium alloys, a hardened oxygen diffusion
layer did not form. This is thought to be due to the fact
that an oxygen diffusion layer cannot be formed via melt-
ing of the surface of pure or alpha-beta titanium, where-
as such alayer can be formed in beta titanium by surface
melting.

[0021] While the above is a description of various em-
bodiments of inventive features, further modifications
may be employed without departing from the spirit and
scope of the present invention. For example, while ar-
gon gas was used solely as the inert gas, other inert
gases could be used alone or in combination argon in
addition to the oxygen. The size, shape, location or ori-
entation of the various components may be changed as
desired. Components that are shown directly connected
or contacting each other may have intermediate struc-
tures disposed between them. The functions of one el-
ement may be performed by two, and vice versa. The
structures and functions of one embodiment may be
adopted in another embodiment. It is not necessary for
all advantages to be present in a particular embodiment
at the same time. Every feature which is unique from the
prior art, alone or in combination with other features, al-
so should be considered a separate description of fur-
ther inventions by the applicant, including the structural
and/or functional concepts embodied by such feature
(s). Thus, the scope of the invention should not be lim-
ited by the specific structures disclosed or the apparent
initial focus or emphasis on a particular structure or fea-
ture.
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Claims

1. A method of hardening the surface of a beta titani-
um member (11) comprising the step of process
heating the beta titanium member (11) in a gas mix-
ture consisting essentially of an inert gas and oxy-
gen.

2. The method according to claim 1 wherein the gas
mixture has an oxygen concentration in a range of
from approximately 0.05 vol% to approximately 20
vol%.

3. The method according to claim 1 or 2 wherein the
gas mixture has an oxygen concentration in a range
of from approximately 1.0 vol% to approximately 10
vol%.

4. The method according to any of claims 1 to 3 where-
in the inert gas comprises argon.

5. The method according to claim 4 wherein the inert
gas consists of argon.

6. The method according to any of the preceding
claims wherein the process heating step comprises
the step of heating the beta titanium member (11)
at a temperature from approximately 700°C to ap-
proximately 1000°C.

7. The method according to claim 6 wherein the proc-
ess heating step comprises the step of heating the
beta titanium member (11) at a temperature from
approximately 700°C to approximately 1000°C for
a time period of from approximately 10 minutes to
approximately 30 minutes.

8. The method according to claim 7 wherein the time
period is from approximately 15 minutes to approx-
imately 25 minutes.

9. The method according to claim 6 wherein the proc-
ess heating step comprises the step of heating the
beta titanium member (11) at a temperature from
approximately 850°C to approximately 950°C.

10. The method according to claim 9 wherein the proc-
ess heating step comprises the step of heating the
beta titanium member (11) at a temperature from
approximately 850°C to approximately 950°C for a
time period of from approximately 10 minutes to ap-
proximately 30 minutes.

11. The method according to claim 10 wherein the time
period is from approximately 15 minutes to approx-

imately 25 minutes.

12. The method according to any of the preceding
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claims further comprising the step of subsequently
heating the beta titanium member (11) in a temper-
ature range of from approximately 400°C to approx-
imately 550°C after the process heating step.

The method according to claim 12 wherein the sub-
sequent heating step comprises the step of heating
the beta titanium member (11) in a temperature
range of from approximately 400°C to approximate-
ly 550°C for a time period of from approximately 6
hours to approximately 16 hours.

The method according to claim 13 wherein the time
period is from approximately 10 hours to approxi-
mately 14 hours.

The method according to claim 12 wherein the sub-
sequent heating step comprises the step of heating
the beta titanium member (11) in a temperature
range of from approximately 450°C to approximate-
ly 500°C.

The method according to claim 15 wherein the sub-
sequent heating step comprises the step of heating
the beta titanium member (11) in a temperature
range of from approximately 450°C to approximate-
ly 500°C for a time period of from approximately 6
hours to approximately 16 hours after the process
heating step.

The method according to claim 16 wherein time pe-
riod is from approximately 10 hours to approximate-
ly 14 hours.

A method of hardening the surface of a beta titani-
um member (11) comprising the steps of:

process heating the beta titanium member (11)
in a gas mixture consisting essentially of an in-
ert gas and oxygen at a temperature from ap-
proximately 700°C to approximately 1000°C for
a time period of from approximately 10 minutes
to approximately 30 minutes to form an oxygen
diffusion layer (11b); and

subsequently heating the beta titanium mem-
ber (11) in a temperature range of from approx-
imately 400°C to approximately 550°C for a
time period of from approximately 6 hours to ap-
proximately 16 hours.

The method according to claim 18 wherein the time
period for the process heating step is from approx-
imately 15 minutes to approximately 25 minutes,
and wherein the time period for the subsequent
heating step is from approximately 10 hours to ap-
proximately 14 hours.

The method according to claim 19 wherein the gas
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21.

22,

mixture has an oxygen concentration in a range of
from approximately 1.0 vol% to approximately 10
vol%.

A method of hardening the surface of a beta titani-
um member (11) comprising the step of heating the
beta titanium member (11) in a gas mixture consist-
ing essentially of an inert gas and oxygen to form a
hardened layer (11b) and an oxidized layer (11a)
above the hardened layer (11b), wherein the oxi-
dized layer (11a) has a thickness less than or equal
to approximately 0.5 um after the heating has com-
pleted.

The method according to claim 20 wherein the hard-
ened layer (11b) has a thickness in a range of from
approximately 70 um to approximately 100 um.
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